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ABSTRACT

Nucleotide differences in the histone H3 gene family in Drosophila melanogaster were studied on
three levels: (1) within a chromosome, (2) within a population and (3) between species (D. melanogaster
and Drosophila simulans). The average difference within the H3 gene within a chromosome was
0.0040 per nucleotide site, about 52% of that within a population (0.0077). The proportion of
divergent sites between the two species was 0.0575, which is about 8.5 times the difference within a
species. The distribution of divergence between species was similar to that of variation within a
species. Divergence and variation were noted to be greatest in the 3’ noncoding region and least in
the coding region. Values intermediate between these were found for the 5’ noncoding region.
Divergence and variation in silent sites exceeded those in the total coding region, thus indicating
possible purifying selection for amino-acid-altering change. Phylogenetic relations among H3 genes
and genetic differences on these three levels are evidence for the concerted evolution of the histone
gene family. The molecular mechanism by which variation is produced and maintained is discussed.

HE histone repeating unit of Drosophila melano-
gaster consists of 5 histone genes, H1, H3, H4,
H2A and H2B and occurs in tandem about 110 times
in the 39 D-E region of chromosome /IR (PARDUE et
al. 1977; Karp 1980). Most repeating units can be
classified as one of two types on the basis of length,
4.8 kb (an S unit) and 5.0 kb (an L unit) (LIFTON et
al. 1977). The latter unit has a tRNA derived inser-
tion sequence 240 bp in length in the spacer between
H1 and H3 (MaTtsuo and Yamazaki 1989). These
types can be distinguished by the presence or absence
of a restriction enzyme site (EcoRI) in a repeating unit
as well as difference in the length of such a unit. These
different types are not organized randomly but are
clustered (SAIGO, MILLSTEIN and THOMAS 1981; MAT-
sUuO and YAMAZAKI 1989). Some repeats are inter-
rupted by fragments not homologous to the histone
repeating unit (SAIGO, MILLSTEIN and THOMAS 1981;
MaTsuo and YAMAZAKI 1989). One such example is
a repeating unit containing retrotransposon 297
(IKENAGA and SAIGO 1982). The molecular structure
and DNA sequences of the histone gene repeating
unit have been characterized by Karp (1980), GoLp-
BERG (1979) and MATsUO and YaMAZAKI (1989).
Population genetical studies on the DNA level are
providing new information on naturally occurring
variation in silent sites, introns and intergenic spacers
(LANGLEY, MONTGOMERY and QUATTLEBAUM 1982;
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KREITMAN 1983; KREITMAN and AGUADE 1986;
AQUADRO ¢t al. 1986). It is now possible to get infor-
mation about genetic changes occurring in speciation
and evolution by comparing homologous genes from
different species (BODMER and ASHBURNER 1984;
CoHN, THOMPSON and MOORE 1984; KREITMAN and
AGUADE 1986). The single-copy Adh locus of D. mel-
anogaster has been studied most extensively so far, but
more information on other loci, duplicated genes,
multigenes, transposons and repetitive sequences
should be obtained for a better understanding of
variation and evolution of genomes.

Members of a multigene family appear to have
evolved not independently but as units such as 28§
and 18S ribosomal DNA, 5S rDNA, globin genes,
immunoglobulin genes, heatshock genes and histone
genes. Such a process is called concerted or coinciden-
tal evolution (ARNHEIM 1983; DoVER 1982). Several
molecular mechanisms for this have been proposed.
Studies on the variation and divergence of a multigene
family should facilitate clarification of the actual
mechanism(s) involved (and the rate of this evolution).

Little is understood regarding nucleotide differ-
ences and divergence in a multigene family within a
species. In this study, histone gene repeating units of
D. melanogaster were examined on three different
levels (within a chromosome between loci, within a
population between chromosomes and between
closely related species, D. melanogaster and Drosophila
simulans). Nucleotide differences in the histone genes
were determined so as to provide some clarification
of the evolutionary process. The mechanism by which
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variation and divergence in a multigene family are
maintained is discussed.

MATERIALS AND METHODS

Strains and population: The Akayu isogenic strain of D.
melanogaster (AK194), whose two major chromosomes (/I
and /IT) were extracted simultaneously by a balanced lethal
system (Cy/Pm SbSer/Pr, see YAMAZAKI ¢t al. 1984) was used
for the study of nucleotide differences within a chromo-
some. The Akayu cage population used to study differences
within a population was established using 1600 genomes in
1974 (YAMAZAKI et al. 1983). At least 3000 flies have
consistently been maintained in the cage population for the
past 11 yr. The population is polymorphic at various enzyme
loci, but monomorphic with respect to universal inversions.
A D. simulans strain of unknown origin was obtained from
the National Institute of Genetics.

Extraction of high molecular weight DNA: About 1 g
of adult flies was frozen with liquid N, homogenized and
suspended in 4 ml of buffer [50 mM Tris-HCI (pH 8.0)/10
mM EDTA (pH 8.0)/10 mm NaCl] with 40 ul of Proteinase-
K solution (20 mg/ml). After incubation for 4 to 6 hr at
50°, 3 g of CsCl (per 4 ml solution) and 250 ul of EtBr (10
mg/ml) were added and mixed with the solution, followed
by centrifugation at 38,000 rpm (approximately 100,000 x
g) for 48 hr. EtBr in the collected DNA solution was re-
moved by washing several times with isopropanol saturated
with 5 M NaCl/10 mm Tris-HCI (pH 8.0)/1 mM EDTA (pH
8.0). The DNA solution was dialyzed with several thousand
times its volume of TE solution (10 mM Tris-HCl/1 mMm
EDTA). The DNA was precipitated by ethanol, washed with
70% ethanol, and suspended in 0.1 X TE solution.

DNA preparation from plasmids and phages: DNA of
the plasmids and phages was prepared by Alkali-SDS and
liquid culture, respectively (MANIATIS, FRITSCH and SAM-
BROOK 1982). The method for DNA preparation from plas-
mids was as follows. An aliquot of 1.5 ml of an overnight
culture was centrifuged and the collected bacteria sus-
pended in 60 ul of buffer [50 mM glucose/25 mM Tris-HCI
(pH 8.0)/10 mM EDTA}] An aliquot of 40 ul of freshly
prepared lysozyme solution [50 mM glucose/25 mM Tris-
HCI (pH 8.0)/10 mM EDTA/10 mg/ml lysozyme] was mixed
with the bacterial solution which was then maintained for 5
min at room temperature. This was followed by the addition
of 200 ul of 0.2 N NaOH/1% SDS and the solution was kept
on ice for 5 min. After being mixed with 150 ul of 5 M
potassium acetate (pH 4.8), the solution was stored on ice
for at least 5 min. After 10 min of centrifugation, the
supernatant was treated with phenol. Plasmid DNA was
precipitated with ethanol, washed with 70% ethanol and
suspended in 50 gl of TE solution (pH 8.0).

The liquid culture method for DNA preparation from
phages was conducted as follows. About 1 ul of phage stock
solution (about 10® phage/ml) was mixed with 0.5 ml of an
overnight culture of bacteria (m.o.i., about 0.01). After
incubation for 20 min at 30°, 10 ml of T broth containing
10 mm MgCl; were added to the bacterial culture followed
by shaking for about 6 hr at 37°. After becoming clear, the
culture was treated with 0.1 ml of chloroform followed by
incubation for an additional 15 min at 37°. After centrifu-
gation at 7000 rpm for 10 min, the supernatant was treated
with RNase A (10 pg/ml) and DNase I (1 pg/ml) for 30 min
at 37°. NaCl and PEG6000 were added and mixed with the
DNA solution at final concentrations of 1 M and 10%,
respectively. The solution was placed on ice for at least 90
min. The precipitated bacteriophage particles were re-

covered by centrifugation at 10,000 rpm for 15 min at 4°
followed by the addition of 0.5 ml of SM solution [0.1 M
NaCl/0.008 M MgSO,.7H:0/0.05 M Tris-HCI (pH 7.5)/
0.1% gelatin] and the phage solution was treated with
phenol two times. The phage DNA was precipitated with
ethanol, washed with 70% ethanol and suspended in 50 ul
of 0.1 X TE solution.

DNA cloning: DNA fragments digested by restriction
enzymes were ligated into the polylinker site of the pUC9
plasmid (VIEIRA and MESSING 1982). Insert DNA and vector
DNA in 20 ul of ligation solution (0.06 mM ATP/66 mM
Tris-HCI (pH 7.6)/6.6 mM MgCly/10 mMm dithiothreitol
DTT) were incubated overnight with 0.01 unit of T4 DNA
ligase at 4°.

Transformation was conducted by the CaCl; method
(MANDEL and HiGa 1970). An overnight culture of JM83
or JB1 was added to 100 times the volume of L broth and
allowed to grow for about 2 hr at 37°. After the culture
had been kept on ice for 10 min, the bacteria were washed
with 10 ml of ice-cold buffer [50 mm CaCly/10 mM Tris-
HCI (pH 8.0)], suspended in 1/15 the volume of the above
buffer and kept on ice for 3 to 6 hr. An aliquot of 0.2 ml of
the above competent cell solution was mixed with 1 ul of
ligation mixture and kept on ice for 30 min. After incuba-
tion for 2 min at 42°, 1 ml of the L broth was added to the
mixture followed by incubation for 1 hr at 37°. About 100
ul of reaction solution were spread on the media containing
Amp (50 pg/mil) and X-gal (30 pg/ml) (MANIATIS, FRITSCH
and SAMBROOK 1982).

Gene libraries: The gene library of the isogenic strain
(AK-194) was constructed according to the following two
methods (“A” [MANIATIS et al. (1978)] and “B” [KARN,
BRENNER and BARNETT (1983)]). Method A: Drosophila DNA
digested partially by EcoRI and vector DNA (charon 4)
digested by EcoRI were separated by sucrose density gra-
dient centrifugation (MANIATIS, FRITSCH and SAMBROOK
1982). An appropriate DNA fraction was collected, dialyzed
in TE solution and precipitated with ethanol. The cohesive
ends of the vector were annealed in TE solution containing
0.01 M MgCl; for 1 hr at 42°. About 2 ug of vector DNA
and 1 pg of Drosophila DNA (10-22 kb) were ligated
overnight with T4 DNA ligase at 4°. After portions of the
reaction mixture were checked by agarose gel electropho-
resis, DNA was packaged into phage particles in vitro by the
method of HOHN and MURRAY (1977). Method B: Drosophila
DNA digested partially by BamHI and vector DNA (A
EMBL4) digested by BamHI were ligated with T4 DNA
ligase overnight at 4°. The phages packaged in vitro con-
taining Drosophila DNA were deleted in red and gamma
genes, so that recombinant phages could be selected on P2
lysogents (Q359). The BamHI library was necessary to clone
histone S units since S units do not have an EcoRI site. Using
these two gene libraries it should be possible to observe
genetic variation in the histone gene family between loci
within a chromosome.

The gene library of the Akayu population was con-
structed by Mbol partial digestion using the method of
KARN, BRENNER and BARNETT (1983) as described above.
Thousands of eggs were sampled from this population.
Adult flies that had developed from the eggs were used for
the DNA preparation. Thus, most of the variation of histone
gene should originate from different chromosomes. This is
because of the negligibly small probability (1/2N) that two
randomly sampled histone gene units from this library de-
rive from the same chromosome (N is the number of adults
sampled, and was at least 1000). In any D. melanogaster
library, any two histone-positive clones are likely to derive
from different loci (or repeating units). The probability that
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any two clones derive from the same locus is less than 0.01
(1/110 where 110 is the approximate copy number of
repeating units in D. melanogaster). The gene library of D.
simulans was constructed by EcoRI partial digestion using
the method of MANIATIS ¢t al. (1978) as described above.

Labeling of DNA: Nick translation was conducted follow-
ing RIGBY et al. (1977). The EcoRI 5-kb fragment of
pKSL100, a single repeating unit of the histone gene (SA160,
MILLSTEIN and THoMAS 1981), was incubated with DNase
I (2 ng/ml) in nick translation buffer [50 mm Tris-HCI (pH
7.5)/10 mm MgSO,/1 mMm DTT/5 um dATP/5 um dGTP/
5 uM dTTP/25 uCi a-[**P]dCTP] for 15 min at 37°. After
the addition of DNA polymerase 1 (2-3 units), the solution
was incubated for 2 hr more at 15°. Three volumes of stop
solution [0.3 M Tris-HCl (pH 8.0)/10 mMm EDTA] were
added to the reaction mixture which was then treated with
phenol or chloroform-isoamyl alcohol (24:1) solution. DNA
was precipitated by ethanol with carrier tRNA, washed with
70% ethanol and suspended in TE solution.

Plaque hybridization: Plaque hybridization was per-
formed according to BENTON and Davis (1977). Phage
DNA was transferred to a nylon membrane filter (Pall’s
Biodyne), treated with denaturation buffer (0.5 N NaOH/
1.5 M NaCl) for 20 sec and then with neutralization buffer
[3 M Na-acetate (pH 5.5)] for 20 sec. The membrane filter
was dried and baked for 2 hr at 80°. After prehybridization
with 50 pg/ml of heat denatured salmon sperm DNA in 4
X SETDSP [1 X SETDSP: 1 X SET/10 X Denhart/0.1%
SDS/0.1% Na-pyrophosphate; 1 X SET: 0.15 M NaCl/30
mM Tris-HCI (pH 7.5)/2 mm EDTA; 1 X Denhart: 0.02%
bovine serum albumin (fraction V)/0.02% polyvinylpyrroli-
done/0.02% Ficoll] for 1 hr at 68°, phage DNA was hybrid-
ized with the histone gene probe in the same solution as
that for prehybridization for 24 to 36 hr at 68°. Washing
conditions were as follows: 4 X SETDSP once, 3 X SETSP
(3 X SET/0.1% SDS/0.1% Na-pyrophosphate) 3 times and
1 X SETSP once, all at 68°.

Southern blotting: Digested DNA was separated by aga-
rose gel electrophoresis, denatured for 30 min and neutral-
ized for 30 min. The DNA was then transferred to a nylon
membrane filter following SOUTHERN (1975). The filter was
dried and baked for 1 hr at 80°. After prehybridization
with heat denatured salmon sperm DNA in 6 X SSC (20 X
SSC: 3 M NaCl/0.3 M Na-citrate) for 1 hr at 68°, hybridi-
zation was conducted with the histone gene probe in the
same solution as that for prehybridization for 24 to 36 hr
at 68°. Washing conditions were as follows: 6 X SSC once,
4 % SSC twice and 1 X SSC once, all at 68°.

DNA sequencing: The DNA sequence was determined
by the dideoxy chain termination method of SANGER, NICK-
LEN and CouLsoN (1977). Following the method of HAT-
TORI, HIDAKA and SAsAKI (1985), the denatured plasmids
were used as a template. Plasmid DNA extracted from 1.5
ml of overnight culture was treated with 1 ul of RNase A
(10 mg/ml) for 30 min at 37°. An aliquot of 30 ul of 20%
PEG/2.5 M NaCl solution was mixed with 50 ul of DNA
solution and kept on ice for 1 to 12 hr. After centrifuging
at 12,000 rpm for 10 min, the precipitates were rinsed with
70% ethanol, dried, and suspended in 50 ul of TE buffer.
An aliquot of 18 ul of the above DNA solution was mixed
with 2 ul of 2 N NaOH and kept at room temperature for 5
min. The solution was then mixed with 8 ul of 5 M ammo-
nium acetate (pH 7.4). DNA was precipitated by ethanol,
rinsed with 70% ethanol, and dried thoroughly. The se-
quencing was performed essentially according to the pro-
cedure commonly used for M13 phage vectors (SANGER et
al. 1980) using a Takara sequencing kit and Amersham’s
universal and reverse primers. Electrophoresis was con-
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FIGURE 1.—Restriction maps of 10 clones from AK-194 isogenic
strain (hs-). The organization of a histone repeating unit (L or S or
variant) is shown on the right side. Possible fragments for cloning
by BamHI are indicated by arrows. hs-B5 and hs-B6 were obtained
from the BamHI library and the remaining eight clones from the
EcoRI library.

ducted with 8% and 5% acrylamide-7 M urea gels. After
electrophoresis, each gel was fixed in 10% methanol/10%
acetic acid solution for 15 min, transferred to paper, dried,
and subjected to autoradiography.

Synthetic DNA: A 17-mer synthetic DNA (5'-GCGAT-
GACGCTTGGCGC-3’) was prepared as the sequencing
primer, whose location is shown in Figure 5.

RESULTS

Genetic variability among loci of H3 repeating
units within a chromosome: Ten histone-positive
clones were chosen randomly from the AK-194 li-
brary. The probability that any two repeating units
from different clones derive from different repeating
units is 109/110 (assuming 110 repeating units on a
chromosome). The restriction maps of these clones
were determined and are shown in Figure 1. Recom-
binant phages had one to three histone repeating
units, one of which was randomly subcloned into the
BamHI site of plasmid pUC9. The DNA sequences of
H3 coding and the 5’ and 3’ flanking regions were
determined by the strategy depicted in Figure 2. The
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different sites in consensus sequences and summarized
data are shown in Figure 2 and Table 1.

Four differences, i.e., base substitution, a few bp
insertion or deletion, tRNA derived element insertion
or deletion (MATSUO and YAMAZAKI 1989), and dif-
ferent repetitions of a simple sequence [(CT), and
(A).] were found. Two substitutions altering amino
acids were observed in the clones examined. All inser-
tions/deletions were found in the 3’ region of H3.
The molecular structure and characterization of the
tRNA derived element found in the spacer between
H1 and H3 have already been described by MATsUO
and Yamazaki (1989). Different repetitions of CT
(9-11) and A (7-8) were found in the 5’- and 3’-
regions of H3, respectively (Table 1). Although the
organization of the hs-23 clone, the interrupted type,
differed from the tandem cluster type (MATSUO and
YAMAzAKI 1989), the number of different nucleotides
in the consensus sequence was only two. Very diver-
gent histone genes such as the late histone in the sea
urchin (CHILDS et al. 1982) or pseudogene sequences
could not be found in the 10 sampled clones, indicat-
ing the frequency of these types to be quite low or
nonexistent.

The proportion of polymorphic sites and average
heterozygosity of the ten clones from an isogenic
strain were calculated as 0.0129 and 0.0040, respec-
tively. In calculating these values, each of the 4 differ-
ences (see above for explanation) was counted as a
single event (Table 1). The average heterozygosity
used in Table 1 is the average over all nucleotide sites
specified. The average heterozygosity at each nucleo-
tide site is the average of the average heterozygosity
of random combinations of 10 chromosomes at each
nucleotide site, defined by {n/(n — 1)} (1 — ¥ x¥)

where n indicates sample size (10 in this case) and x;
indicates sample frequency of the ith variant at each
site. The average heterozygosity values of the H3
gene among the members of a family in the 5’ region,
coding region, 3’ region and insertion region was
0.0039, 0.0019, 0.0072 and 0.0082, respectively. The
genetic variability in the coding region was less than
that in the noncoding region. There was greater var-
iation in the 3’ than 5’ region. Similar results were
obtained for the proportion of polymorphic sites.

Genetic variability in the histone gene among
chromosomes of a population: Ten clones considered
to have derived from different repeating units among
different chromosomes (see MATERIALS AND METH-
oDs), were chosen randomly from the Akayu cage
library and their restriction maps were determined
(Figure 3). In the same manner as within a chromo-
some, one repeating unit in a phage clone was sub-
cloned and the DNA sequences of the H3 region were
determined. The same four differences noted within
a chromosome were also apparent (Figure 2 and Table
1), but no amino acid altering change was evident.
The range of (CT), and (A). repetition was 9 to 15
and 7 to 10, respectively. These values were slightly
larger than those within a chromosome.

The proportion of polymorphic sites and average
heterozygosity of ten clones from a population were
0.0159 and 0.0077, respectively (Table 1). The
amount of heterozygosity of the H3 gene in this study
was almost the same as that of the whole histone gene
repeating unit (0.009; our unpublished data) and not
far from that of the Adh region (0.004-0.006; LANG-
LEY, MONTGOMERY and QUATTLEBAUM 1982; KREIT-
MAN 1983). The average heterozygosity of the histone
H3 gene within a population in the 5’ region, coding
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TABLE 1

Nucleotide differences within a chromosome (hs-) and between chromosomes (Chs-) of Hs; and H, genes

H4 H3
coding 5’ region coding 3’ region Insertion
e I - I R R [ TN | ® B ® X L ® O © © o o ©
= N R - R © s 0 ® = [T S N BERT-RRNT- S SN A I O
Location: QU W N W © e O S N O o R A S © I = S - S A (=2 I ]
Consensus: CTTOGT (CI)nC A CGCG A CATT (An A In C A A
hs-5 11 - 8 G
hs-6 10 - . - 8 . G
hs-10 10 . 7 T .
hs-11 o 10 T - 8 G
hs-13 c . . 11 8 .
hs-14 T 10 . - 8 G
hs-19 10 A - 8 G
hs-23 e e e 10 [ 8 . G
hs-B5 L 9 T - 8 T - * ox %
hs-B6 . C - - - 10 R T . - 8 T -k k% Total
P.P. 0 0.0141 0.0049 0.0260 0.0213 0.0129
(0/33) (4/283) (2/405) (5/192) (2/94) (13/1007)
P.P.S. 0 0
(0/9.7) (0/103.6)
A.H. 0 0.0039 0.0019 0.0072 0.0082 0.0040
AH.S. 0 0
Chs-5 . 10 e . - 9 T - ¥ ¥ %
Chs-7 T C 10 - T T . 10 A G
Chs-8 12 . G . G - 9
Chs-12 e e 13 G A . G - 8 .
Chs-15 . . . .. C 10 T . 10 - A G
Chs-16 e e 9 . . T . - 8 T ~- *F * Ok
Chs-17 . . - . . 15 G G . G 7 . -
Chs-25 A o B | T 9 . . . G
Chs-28 CE 11 T 10 - AG
Chs-31 CE 11 e T . . . 10 A G Total
P.P. 0 0.0141 0.0074 0.0313 0.0319 0.0159
(0/33) (4/283) (3/405) (6/192) (3/94) (16/1007)
P.P.S. 0 0.0290
(0/9.7) (3/103.6)
A.H. 0 0.0067 0.0028 0.0150 0.0193 0.0077
AHS. 0 0.0073
T.P.P. 0 0.0247 0.0123 0.0365 0.0319 0.0218
(0/33) (7/283) (5/405) (7/192) (3/94) (22/1007)
T.P.P.S. 0 0.0290
(0/9.7) (3/103.6)

Additions and deletions of more than one contiguous base are counted as one change. P.P., proportion of polymorphic site; P.P.S.,
proportion of polymorphic silent site; A.H., average heterozygosity; A.H.S., average heterozygosity of silent site; T.P.P., total proportion of
polymorphic site; and T.P.P.S., total proportion of polymorphic silent site.

region, 3’ region and insertion region was 0.0067,
0.0028, 0.0150, and 0.0193, respectively. Although
the degree of variation in the histone H3 gene within
a population was about 1.7 times that within a chro-
mosome, the distribution pattern of variation in the
above two parameters was similar. More genetic vari-
ation was found in the noncoding region than in the
coding region. Variation in the 3’ region exceeded
that in the 5’ region. The average heterozygosity of
silent sites in the coding region (0.0073) was higher
than that of the total coding region (0.0028) and
essentially the same as that of either the 3’ region

(0.0150) or insertion region (0.0193). The selective
constraint of silent site is found to be weak compared
to that of amino acid altering sites. The 3’ and inser-
tion regions appeared to have selectively less con-
straint than the coding region.

Phylogenetic relationships in the histone multi-
gene family in D. melanogaster: To gain some un-
derstanding of the evolutionary relationships in the
histone multigene family, two types of phylogenetic
trees for 20 histone H3 genes [10 from an isogenic
strain (within a chromosome, hs-}) and 10 from a
population (among chromosomes, chs-)], were con-
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FIGURE 3.—Restriction maps of 10 clones from the Akayu cage
(Chs-) and a clone from D. simulans.

structed by the UPG method (SNEATH and SOKAL
1973): in one there is only base substitution and in
the other. both base substitution and insertion/dele-
tion. Results obtained for the latter are shown in
Figure 4 since the results obtained from either method
were essentially the same. The locations of hs-10 and
hs-13 could not be clearly determined, but the topol-
ogy of (hs-5, hs-6, hs-11, hs-14, hs-19, hs-23), (chs-7,
chs-15, chs-25, chs-28, chs-31) and the grouping of
(hs-B5, hs-B6, chs-5, chs-16), (chs-8, chs-12, chs-17)
were the same for both categories.

With regard to these phylogenetic relationship, two
points in particular should be noted, First, S units
showed greater similarity to each other than the S and
L units or the L units with themselves. Thus, an
ancestral S unit may possibly have spread to a genome
and then to a population. Second, the histone genes
within a chromosome showed less variation and cer-
tain mechanisms such as unequal crossing over or gene
conversion must be responsible for the exchange of
genetic information between histone gene clusters
(between loci).

Genetic divergence of the H3 gene between D.
melanogaster and D. simulans: A histone-positive
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FIGURE 4.—Phylogenetic tree constructed by the UPG method.
Insertions and deletions are included. The number of nucleotide
substitutions per site (K’) was estimated by JUKES and CANTOR’s
formula (1969). K’ = —(3/4)In[1 — (4/3)K], where K is the propor-
tion of different nucleotides.

clone from the D. simulans library was obtained and
restriction maps were determined (Figure 3). The
DNA sequence of the H3 region in D. simulans was
determined in the same manner as that of D. melano-
gaster clones (Figure 5). The different sites in the two
species are indicated in Figure 2. Three kinds of
divergence were found in the H3 gene region between
D. melanogaster and D. simulans: base substitution,
short length insertion/deletion and a number of rep-
etitions of a simple sequence (Note that the term
“divergence” is used when the difference between
species is discussed). The results of Southern blotting
showed most of the histone repeating units in D.
simulans to be essentially the same size (our unpub-
lished data). Since one of the histone repeating units
of D. simulans had a tRNA-derived insertion se-
quence, most of the histone repeating units in D.
simulans should have that sequence. Still there is the
possibility that the histone repeating unit without a
tRNA-derived sequence exists rather infrequently.
The proportion of insertion or deletion relative to
total difference was higher between D. melanogaster
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FIGURE 5.—Consensus sequence of H3 and flanking region in D. melanogaster and sequence from D. simulans. Only differences in the
consensus sequence are shown. Deletion is indicated by “-”. The location No. 1 is the first base of synthetic DNA (see MATERIALS AND

METHODS). Sequence analysis can be done from the positions 25 to 1068 in the case of the L unit.

and D. simulans (0.231; 12/52) than that within the
former species (0.133; 2/15). Most of the insertions
or deletions occurred in the 3’ region of the H3 gene.
The number of repetitions of CT in D. simulans was
5, which is quite different from that found in D.
melanogaster (9-15).

The average proportion of divergent sites between
all of D. melanogaster and D. simulans was 0.058 and
0.110 in the total and silent sites, respectively (Table
2). These values were about 8.5 and 15.1 times the
differences within-species variation in the total and
silent sites, respectively. The differences in the 3’
region, 5’ region and coding region were 0.100,
0.063 and 0.033, respectively. Divergence occurred
more frequently in the noncoding than coding region
as did also genetic variation within a species (Table
2). The less functional site or silent site evolved more
rapidly than the total coding region.

Concerted evolution of the histone gene family in
Drosophila: From analysis by SOUTHERN blotting,
about the same copy number of histone genes ap-
peared present in several Drosophila species (COEN,
STRACHAN and DOVER 1982; our unpublished data).
It thus seems reasonable to assume that histone gene

amplification occurred prior to the divergence of
these species. It was considered that if mutation ac-
cumulates between a pair of histone genes independ-
ently without the exchange of genetic information
between them, it should be possible to find the same
number of differences among histone gene copies
within a chromosome, among nonallelic histone genes
in different genomes and among species (DOVER 1982;
ARNHEIM 1983).

The degree of difference in histone H3 genes be-
tween species and within a population was about 14.0
and 1.7 times that within a chromosome, indicating
the possibility of concerted evolution of the histone
gene family. Observed phylogenetic relationships also
confirmed this possibility.

DISCUSSION

Genetic differences in the histone gene family in D.
melanogaster were studied at three different levels,
within a chromosome, within a population and be-
tween closely related species (D. melanogaster and D.
simulans). About 52% of genetic variation within a
population was found within a chromosome. Multiple
copies may be efficient not only for producing many
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TABLE 2

Proportion of polymorphic sites and average heterozygosity within population and between D. melanogaster and D. simulans

Property” H4 coding 5" region H3 coding 3’ region Insertion Total
Proportion of polymorphic site 0 0.025 0.012 0.036 0.043 0.023
(0/33) (7/283) (5/405) (7/192) (4/94) (23/1007)

Proportion of polymorphic silent 0 0.029

site (0/9.7) (3/103.6)
Average heterozygosity 0 0.007 0.002 0.015 0.012 0.007
Average heterozygosity of silent 0 0.008

site
Proportion of divergent site be- 0 0.063 0.033 0.100 0.100 0.058

tween D. melanogaster and D. si-

mulans
Proportion of divergent silent site 0 0.110

between D. melanogaster and D.

simulans

¢ “Polymorphic” and “heterozygosity” were used within a species while “divergent” was used between species.

protein molecules at one time but also for maintaining
genetic variability within a chromosome.

The distribution of divergence between two closely
related species in the 5’ region, coding region and 3’
region was quite similar to that of variability within
species, although the degree of difference was 8.5
times larger, suggesting that the evolutionary forces
lead to divergence in a manner similar to that by
which they maintain genetic variability within species
at least at the histone gene loci. This is consistent with
the explanation of polymorphism by the neutral the-
ory as a phase of molecular evolution (KIMURA and
Onra 1971).

Differences in the silent sites in the coding region
was greater than that in the total coding region and
virtually the same as that in the 3’ region. Selective
constraint in the 3’ region may be very weak or even
neutral, since many deletions, insertions and substi-
tutions were found in this region. That variation was
greater and the evolutionary rate higher in less con-
straint sites such as silent sites, than in the amino-acid-
altering region suggests the occurrence of purifying
selection also in the protein coding region of this
multigene family as reported by KREITMAN (1983) at
the Adh locus. There were greater variability and
divergence in the 3’ region or silent sites than 5’
region. There may possibly be regulatory sites sensi-
tive to environmental change and important to the
tissue specific or developmental expression of genes.
Some differences noted in the 5’ region may affect
the fitness of individuals.

The degree of variability within a D. melanogaster
population and that of divergence between D. mela-
nogaster and D. simulans was compared between his-
tone H3 and Adh loci (Figure 6). The distribution
pattern of variation was somewhat different between
Adh and H3, although the total degree of variation
was virtually the same. Variability and divergence in
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FIGURE 6.—Degree of variation and divergence at Adh (A) and
histone 3 (H) loci in the 5’ region, coding region and 3’ region.
Dotted boxes indicate the variation and divergence of the silent
site.

the 5’ region were quite similar in the two loci.
However, the degree of the variability in the coding
region of Adh appeared more than that in H3, and
the degree of the divergence less. This tendency be-
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comes more apparent by comparison with the differ-
ences in the silent sites. The data of 3’ region are
complicated due to another coding frame found in
the 3’ region of Adh (KREITMAN and AGUADE 1986).
There are at least two possible explanations for the
above differences in variability and divergence in the
coding region. First, the differences may arise from
the particular nature of the loci. Different loci may be
subject to different selection pressure. But on this
basis, it is difficult to explain the larger variability and
smaller divergence at the Adh locus. Secondly, the
differences may result from gene multiplicity. The
Adh gene is considered a single copy gene, but the
histone gene comes from a tandemly duplicated mul-
tigene family. If the modes of selection, mutation,
unequal crossing over and gene conversion differ in
these gene systems, the amount of variability and
divergence will of course, differ. It may be reasonable
to speculate that homogenizing mechanisms quite
likely occur more frequently within a species in a
multigene family but that genetic divergence occurs
independently, resulting in greater differences be-
tween species due to weaker selection pressure of the
multigene family. It would thus follow that multigenes
are more homogeneous than single copy genes. Other
single copy gene and multigene families should be
examined for confirmation of this.

From the analysis of the phylogeny of histone genes
and a comparison of genetic differences at the three
levels, it has been concluded that the histone gene
family evolved in a concerted fashion. Several homog-
enizing mechanisms have been proposed to explain
this mode of evolution, such as unequal crossing over
(PETES 1980; SzosTak and Wu 1980), gene conver-
sion (SCHERER and Davis 1980) and molecular drive
(Dover 1982). The results of restriction mapping and
phylogeny of histone clones in the previous study
showed closely linked histone units to be closely re-
lated (MATSUO and YaMAzAKI 1989). This situation
must surely have come about through a homogeniza-
tion process. The behavior of mutant genes in a family
expected on an unequal crossing-over model (OHTA
1980) is quite consistent with this view. The unequal
crossing-over model also suffices to explain variation
in the repetition of a simple sequence (SLIGHTOM,
BLECHL and SMITHIES 1980).

OHTA (1980, 1982, 1983a, b) and NAGYLAKI
(1983a, b, 1984) and NAGYLAKI and PETES (1982)
developed a mathematical theory of multigene fami-
lies. OHTA (1980) first studied a model of unequal
crossing over, and formulated the behavior of a mu-
tant in a family by a double diffusion process i.e.,
unequal crossing over (intrachromosomal) and ran-
dom genetic drift. The model of gene conversion may
be treated more exactly, using the average changes in
identity coefficients; these coefficients are the proba-

TABLE 3

Equilibrium identity coefficients

Nonallelic identity

Within Between Allelic
chromosome  chromosomes identity
N NB [of) Cq
15 0.008 0.989 0.985 0.985
0.08 0.956 0.953 0.954
0.8 0.818 0.816 0.819
8 0.711 0.711 0.716
80 0.693 0.693 0.698
50 0.008 0.997 0.993 0.993
0.08 0.986 0.982 0.982
0.8 0.908 0.905 0.906
8 0.752 0.751 0.753
80 0.700 0.700 0.702
500 0.008 1.000 0.996 0.996
0.08 0.999 0.995 0.995
0.8 0.987 0.984 0.984
8 0.909 0.907 0.907
80 0.753 0.752 0.752
5000 0.008 1.000 0.996 0.996
0.08 1.000 0.996 0.996
0.8 0.999 0.995 0.995
8 0.988 0.984 0.984
80 0.910 0.907 0.907
7000 8 0.991 0.987 0.987
80 0.929 0.926 0.026
70000 80 0.991 0.987 0.987

The observed values of C, and C; in the 3’ region were 0.991
and 0.985, respectively, and n = 110. If Nv is larger than 0.001, a
larger value of Ny or a smaller value of Nf is needed to explain the
above data.

bility of identity of genes at different loci on one
chromosomes (C), the probability of identity of two
genes taken from different loci of two homologous
chromosomes of a population (Cs) and the probability
of identity of genes at the same locus ( f). The impor-
tant parameters are: effective population size (N),
family size (n), conversion rate per gene per genera-
tion (M), recombination rate per generation (8) and
mutation rate per generation (v). It has been shown
that there is a rough correspondence between the
model of unequal crossing over and that of gene
conversion. A most important quantity in both models
is the rate of steady decay of genetic variability within
a single multigene family. This becomes 2\/(n — 1) in
the conversion model, and my/n? in the unequal
crossing over per gene family, and m is the mean
number of genes shifted at unequal crossing over
(OHTA 1983a). These two values are roughly inter-
changeable for predicting gene identity (OHTA
1983a, b).

The equilibrium values of Ci, Cq, and f were pre-
sented in OHTA (1982). If we put the values of NJ,
NgB < n and Nv into the formula (8) of OHTA (1982),
the expected values of C, and C; can be calculated.
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The results of some calculations are shown in Table
3. The observed values of C, and C in the 3’ region
of H3 locus are 0.991 and 0.985, respectively. If the
interchromosomal recombination rate is very low (N8
< 1), the variation maintained in the histone family
can be explained by the unequal crossing-over model
(OHTA 1980, 1982, 1983a, b), otherwise, the observed
data must be explained on the basis of other mecha-
nisms of homogenization, such as biased gene conver-
sion or duplicative transposition. The values of Nv,
NX and Nf should be measured to facilitate clarifica-
tion of this point.

The members of a histone multigene family are not
completely uniform. About 50% of genetic variation
within a population is maintained between loci within
a chromosome. Some variation may be homogenized
by certain mechanisms. Some members may be the
raw material for gene differentiations. To discuss the
maintenance mechanism of variation and divergence
in a multigene family, measurement must be made of
the conversion rate, unequal crossing-over rate, mu-
tation rate and selection coefficient of the locus. In-
formation regarding various loci in various environ-
ments must also be available for the study of adaptive
evolution in organisms.
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